Abstract. We report on the nature of the low temperature magnetic ordering of a magnetic ionic plastic crystal, Choline[FeCl4]. This investigation was carried out using heat capacity measurements, neutron diffraction experiments and muon spin relaxation (μSR) spectroscopy. The calorimetric measurements show the onset of an unusual magnetic ordering below 4 K with a possible second magnetic phase transition below 2 K. Low temperature neutron diffraction data reveal a three dimensional antiferromagnetic ordering at 2 K compatible with the previous magnetometry results. The analysis of μSR spectra indicates a magnetic phase transition below 2.2 K. At 1.6 K, the analysis of the shape of the μSR spectra suggests the existence of an additional magnetic phase with features of a possible incommensurate magnetic structure.
Introduction
Plastic crystal materials were described by Timmermans in the 1960s. These compounds, composed entirely of ions, display an intermediate phase between the solid and the liquid state called plastic phase. It is reached by one or more solid-solid phase transitions on warming the fully ordered crystalline phase from low temperatures [1] . This phase is characterized by a state presenting both long-range order and short-range disorder. Such as short-range is originated by rotational motions of the molecules. The plastic behaviour, with a negligible vapour pressure and high ionic conductivity at room temperature, reinforce their interest as solid state ion conductors [2, 3] .
The introduction of structural functionalities on the cationic or anionic part has eased the design of new plastic crystal phases with targeted properties. Transition metal-containing plastic phase, such as organic inorganic plastic crystals (OIPCs) [4] could be auspicious new emergent materials, which will favourably combine the properties of ionic plastic crystals with the magnetism, originated from the metal incorporated in the complex anion. This is the case of the N,N,N-trimethylethanolammonium tetrachloroferrate (III), Choline [FeCl4] , which combines a three-dimensional magnetic ordering with a -anions with increasing temperature up to the melting point, 490 K, and the presence of a three-dimensional magnetic ordering below 4 K [5] . In this contribution we focus on the nature of the low temperature magnetic ordering of this compound combining heat capacity measurements, neutron diffraction data and muon spin relaxation (μSR) spectroscopy.
Results and discussion
Heat capacity (Cp) measurements were carried out with a standard QD PPMS device by a relaxation method using a two-tau model. Data were collected from 2 to 10 K at several magnetic fields between 0 and 50 kOe ( Figure 1 ). In absence of an external magnetic field, when the temperature is lowered, the Cp value starts to increase below 5 K, showing a shoulder around 3.4 K. Then, a strong increase down to 2 K (ΔCp=13 J/Kmol) is detected. The first anomaly (3.4 K) does not have the typical behaviour of a second-order transition, but it can be associated with the establishment of a threedimensional antiferromagnetic ordering, in good agreement with magnetic susceptibility measurements [5] . In addition, the strong increase down to 2 K could be related to a possible additional magnetic transition at lower temperatures. By applying magnetic fields, the shoulder remains up to 30 kOe, but vanishes for larger fields. This vanishing shoulder corroborates the presence of the weak magnetocrystalline anisotropy detected in the magnetization data [5] . Furthermore, the second magnetic anomaly decreases its magnitude as the magnetic field increases, and probably shifting to lower temperatures, as is expected for an antiferromagnetic ordering. Therefore, neutron and muon studies were performed in order to understand the origin of this unusual magnetic behaviour. Powder neutron diffraction measurements were performed on the D1B diffractometer, at the Institute Laue-Langevin of Grenoble, using a neutron wavelength of 2.525 Å. About 3 g of Choline[FeCl4] was employed in the neutron diffraction experiments, placed in a cylindrical vanadium container and held in a liquid helium cryostat. The temperature evolution of the D1B patterns between 2 and 10 K shows the presence of extra elastic intensity at temperatures below around 4 K, corroborating the onset of a magnetic ordering. A comparative view of the patterns above (10 K) and below (2 K) the magnetic ordering temperature is shown in Figure 2 3 was found using the WINPLOTR programme. The additional magnetic peak at 2 K was indexed with the propagation vector k = (0, 0.17, 0) indicating that the magnetic structure is incommensurate. The experimental, calculated and difference diffraction profiles are displayed in Figures 2 (b) . However, with only one visible magnetic peak, we cannot determine univocally the magnetic propagation vector. As observed in other hybrid organic-inorganic materials based in tetrahaloferrate cation such as Dimim[FeX4] [6, 7, 8] , Edimim[FeX4] [9] or Emim[FeX4] (X = Cl and Br) [10, 11] the magnetic structure should consist of an arrangement of iron metal complex groups, stabilizing the overall antiferromagnetic ordering without direct Fe··Fe interactions, but through the superexchange interactions, Fe-Cl··Cl-Fe. The μSR experiments were performed in zero applied field at the Laboratory for Muon Spin Spectroscopy of the Paul Scherrer Institute, Switzerland using the GPS spectrometer in the temperature range 2-200 K. Above 4 K, the whole sample volume is in the paramagnetic phase. For the entire temperature range, the μSR data were fitted using the sum of an exponentially dampedKubo-Toyabe depolarization function [12] , first term in eq. (1) (1) describes a double channel depolarization of the muon ensemble, in the paramagnetic phase: one arising from the fluctuating electronic magnetic moments, the exponential relaxation, and the other one from the static (for the time window of the μSR experiments) depolarization due to the nuclear magnetic moments, the so-called Kubo-Toyabe depolarization function. The second term of the sum in Eq. (1) describes the magnetic volume and has different T dependencies, which are dependent of the temperature range. As one can see from Figure 3 , below 4 K, a fast relaxing component sets in, confirming the onset of a magnetic ordering detected by heat capacity and neutron powder diffraction measurements. Down to about 2.4 K, the "magnetic part" of the SR spectra could be described by a purely exponential   Usually, a Bessel function fit of the SR spectra is an indication of an incommensurate magnetic ordering (spin density wave). However, another fully plausible explanation would be the existence of a wide, non-symmetric field distribution at the muon site. Therefore, SR results alone cannot decide whether the magnetic ordering of Choline[FeCl4] below 2.2 K is incommensurate or not.
Conclusions
Heat capacity measurements show that the magnetic ionic plastic crystal Choline[FeCl4] exhibits two successive magnetic transitions below 4 K. Neutron diffraction data confirms the antiferromagnetic nature of the long-range magnetic order whereas muon spin relaxation spectroscopy experiments, although not conclusive, are compatible with a possible additional incommensurate magnetic structure below 2 K. 
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